The pseudobulb of Oncidium orchid plays a key role in water, carbohydrate, and other nutrition support during floral development, yet a large scale of gene expression analysis involved in the metabolisms have not been evaluated. By subtracting RsaI-digested cDNAs of leaf from those of psuedobulb, an efficient subtractive cDNA library was developed. In total, 1080 subtractive expressed sequence tags (ESTs) were obtained. Analysis revealed approximately 636 unique gene parts, 120 clusters and 516 singles. Of these sequences, 74.8% were annotated on the database of NCBI GenBank. Peroxidase, sodium/dicarboxylate cotransporter, and mannose-binding lectin were highly expressed. Some gene profiles were identified as related to carbohydrate metabolism involved in mannan, pectin, starch and sucrose biosynthesis. A large fraction of the ESTs (35%) were classified into transportation, stress-related, cell cycle, or regulatory functions. Most genes that were differentially expressed are important in early flowering development, carbohydrate metabolism and stress-response physiology. This efficient organ-specific EST library represented an explicit transcriptome profile of Oncidium pseudobulb.
Introduction
Orchids (Orchidaceae, L.) are the largest family of plants and the number of species may exceed 30 000. They comprise almost 30% of monocotdydons or 10% of flowering plants. The genus Oncidium is commercially important as cut flowers and as houseplants . Consequently, considerable effort is now being made to improve the economic traits of this ornamental plant. After the method of efficient plant regeneration through somatic embryogenesis from Oncidium orchid callus, a routine procedure of transformation with Agrobacterium tumefaciens has also been established . A ferredoxin-like protein (pflp) from sweet pepper was used as a novel selection marker for orchid transformation and was demonstrated to confer resistance against soft-rot disease in Oncidium orchid .
Oncidium orchid has an enlarged bulblike stem at the base of the second upper leaf, termed the pseudobulb. This is important for the storage and support of moisture, mineral nutrition, and carbohydrates during both auxiliary bud and inflorescence development. The carbohydrate pool of pseudobulb varies during inflorescence development (Hew & Ng 1996) . From initiation to the end of inflorescence development, galactonio-1,4-lactone, mannan and hexoses, including glucose, fructose and galactose, gradually decreased in the pseudobulb but sucrose and mannose remained almost constant. Before flowering, there was dramatic accumulation of mannan followed by degradation of starch (Wang et al. 2003) .
To perform a functional genomic study of Oncidium pseudobulb, a subtractive expression sequence tag (EST) library was developed by subtracting RsaI-digested cDNAs of upper leaf tissue from those of pseudobulb. The specific genes, such as the ones coding for peroxidase, sodium/dicarboxylate cotransporter, mannose-binding lectin, senescence, or resistance-associated proteins, have been obtained which cover most of the genes involved in the metabolism of Oncidium pseudobulb. All of them relate to the water, nutrition, and energy support of the pseudobulb during/before inflorescence development. Our results are therefore beneficial for the further functional determination of these genes and to identify the physiological linkage with floral time and qualities.
Materials and methods

Plant material and RNA isolation
Pseudobulbs were taken from of Oncidium cv. 'Gower Ramsey' grown locally. Total RNAs of the pseudobulb and its upper leaf were extracted following the pine tree method (Chang et al. 1993) . In brief, fresh tissues were ground into fine powder in liquid N 2 , and dissolved in approximately volume of extraction buffer (2% hexadecyltrimethylammonium bromide, 2% polyvinyl pyrrolidone K30, 100 mM Tris/HCl, 25 mM EDTA, 2 M NaCl, 0.05% spermidine, 2% b-mercaptoethanol). After heating for 15 min at 65°C, the solution was centrifuged 20 000 Â g for 2 min. The supernatant was treated with chloroform/isoamyl alcohol twice. LiCl (10 mM) was added to the clean supernatant at 1:4 (v/v), and held at 4°C overnight. Total RNA was harvested after 20 000 Â g centrifugation at 4°C.
Construction of subtractive cDNA library and EST sequencing mRNAs were purified from total RNAs with Oligotex mRNA Kit (Qiagene). After cDNA synthesis, RsaI digestion and ligation of PCR adaptors, subtractive hybridization was performed by using pseudobulb's cDNAs as tester and leaf DNA as drivers. Following the protocol of PCR-select cDNA Subtraction Kit (Clontech), the cDNA mixture was amplified by PCR twice and the products were cloned into pGEM-T easy vector (Promega) with blue and white selection in E. coli XL1-Blue. 1248 white clones were Randomly selected and inoculated into 96-well plates with 1 mL 2 Â YT broth (tryptone 16 g, yeast extract 10 g, NaCl 5g l )1 ) and cultured in 37°C overnight. Plasmids were extracted with Mini-M plasmid DNA Extraction System (Viogene). Using BigDye Terminator v3.1 Cycle Sequencing Kit (ABI) and SP6 as primer, subtractive cDNAs were determined in an automated sequencer ABI 3730. 
Sequence annotation and classification
After vector and adaptors in raw sequences were trimmed using cross-match (Green 1993, http:// www.phrap.org), the insert fragments were assembled to make contigs and singletons. In order to annotate the clusters and singles, they were aligned with the non-redundant protein sequence database in GenBank (NCBI) by BlastX (Altschul et al. 1997) with an E-value threshold of 1E)10. According to the GI numbers, presented in annotated subtractive ESTs, they were classified and distributed onto three GO trees. All the EST dataset information is accessible at the website of Institute of Plant Biology, National Taiwan University, http://plantbio.lifescience.ntu.edu. tw/english/research/estdatabase.htm/.
Analysis of gene expression profiles by Northern gel blot
Total RNAs (10 lg each) from pseudobulb and its upper leaf were loaded on 1% agrose/ formaldehyde gels and transferred onto nylon membranes (Amersham). Based on the annotation of each subtractive EST, sequenced plasmids were selected out and amplified by PCR using both SP6 and T7 primers. The PCR-amplified insert fragment was randomly labeled with a-32 PdCTP (Rediprime II Kit, Amersham Biosciences). 32 P-labeled probes were hybridized to membranes and membranes were washed following the standard protocol. The membrane was exposed to fluorescent plate for 12À72 h (Typhoon 9400, Amersham Biosciences).
Results and discussion
Overall distribution of subtractive ESTs from pseudobulb of Oncidium Gower Ramsey
In total, 1248 clones were sequenced. 1088 clones were readable and had an average length of 1031 bp. Among them, 1080 inserts with a length more than 100 bp were accepted as subtractive ESTs for further study. Their length was 430 bp on average and in the range of 100À1200 bp, mainly from 200 to 800 bp ( Figure 1a ). After Phrap, 1080 subtractive ESTs were assembled into 149 contigs and 543 singletons. Furthermore, they were aligned into 51 clusters and 585 singles by BLASTN. There were 69 contigs in the 585 singles, so 516 real singles had only one subtractive EST, 48.3% of total ESTs. The number of ESTs in clusters, also called cluster size, reflected the abundance of mRNAs. Including singles with one EST, the distribution of cluster size was indicated in Figure 1b , and clusters were divided into six classes. There were 95 clusters containing 2À4 ESTs, comprising 22.3% of the total accepted ESTs (241 of 1080 subtractive ESTs) and 79.1% of total clusters (95 of 120 clusters).
There were 12 clusters containing 5À7 ESTs, comprising 6.5% of the total accepted ESTs (70 of 1080 subtractive ESTs) and 10.0% of total clusters (12 of 120 clusters). These clusters represented lipid transfer protein, DP-E2F-related protein, senescence-associated protein, mannosebinding lectin, sucrose synthase, peroxidase, GDSL-motif lipase/hydrolase, pollen allergen, and two unknown genes. One cluster had no significant similarity to any protein sequence in the GenBank nr database.
There were five clusters containing 8À10 ESTs, comprising 4.1% of the total accepted ESTs (44 of 1080 subtractive ESTs) and 4.1% of total clusters (5 of 120 clusters). These clusters represented mannose-binding lectin, BURP domain protein, peroxidase, chitinase family 19 genes. One cluster had no significant similarity to any protein sequence in the GenBank nr database. There were another five clusters containing 11À13 ESTs comprising 5.5% of the total accepted ESTs (59 of 1080 subtractive ESTs). These clusters represented short-chain dehydrogenase/reductase and two unkown genes (Arabidopsis T23E23.17, T18N14.110). Two clusters had no significant similarity to any protein sequence in the GenBank nr database.
Three clusters were regarded as the most abundant transcripts. They were only 2.5% of total clusters (3 of 120 clusters), but comprised 12.7% of total subtractive ESTs (137 of 1080 subtractive ESTs). Two of them were peroxidase genes and sodium/dicarboxylate cotransporter genes. More details and the possible functions of these genes are shown in Table 1 . Comparatively, mannosebinding lectin genes were expressed predominately in normal pseudobulb (data not shown).
Annotation and classification of the subtractive ESTs
Six hundred and thirty six clusters and singles including 1080 subtractive ESTs were submitted Figure 1a , the length and sequence quality of subtractive ESTs had a linear relationship with the number of ESTs that could be annotated. The higher the sequence quality, the greater the chance of being annotated, and vice versa. Using the GO classification system, only 155 ESTs (25.2% of 614 annotated ESTs) were matched, protein sequences with special GI numbers which had been previously classified on three different GO trees (cell component, molecular function, and cellular process) (Figure 2 ). This probes for Northern blot analysis (Figure 3) . Peroxidase, sodium/dicarboxylate cotransporter, BURP domain protein (dehydration-responsive protein RD22), mannose-6-phosphate isomerase, proline-rich-like protease inhibitor, Na + /H + antiporter isoform 2, invertase, and pectate lyase were highly expressed in pseudobulb at the early initiation of inflorescence, but they exhibited almost no expression in its upper leaf. The expression patterns of mannose-binding lectin, sucrose synthase, GDP-mannose pyrophosphorylase, and granule-bound starch synthase were similar with peroxidase genes, except they had very low expressions in leaf. Glycine-rich RNA binding protein and leucine-rich receptor-related protein kinase genes were expressed highly in pseudobulb and slightly in leaf at the same time. Only AP2 domain transcription factor gene displayed the opposite pattern: the expression level in pseudobulb was high, but that in leaf seemed higher. In general, most ESTs had more specific expression profiles. Significantly, the results indicated the subtractive ESTs dataset did show pseudobulb-specific expression at the early initiation of the inflorescence. Therefore, these Northern blot data demonstrated that the EST subtraction was very precise and reliable.
Subtractive ESTs relevant to inflorescence, carbohydrate metabolisms, transportation, stress, cell cycle, and regulation
According to the annotations and references about their functions, the subtractive ESTs were gathered and analyzed manually. One cluster and 7 singles (10 ESTs in total) were related to specific flower genes (Table 2) . Abnormal inflorescence meristem 1 (AIM1) could affect inflorescence and floral development in Arabidopsis (Richmond & Bleecker 1999) . MADS box protein genes were expressed in different organs and mainly during floral development. DOMADS2 was expressed throughout the process of floral transition and development (Yu & Goh 2000) . Shaggy-like kinase was flower-specific and responsible for osmotic changes and darkness (Charrier et al. 2002) . The others were related to four kinds of genes within the synthetic pathway of flower pigment. Chalcone synthase and chalconeÀflavanone isomerase were at upper stream of the pathway. More chalcone-flavanone isomerase gene seems expressed in pseudobulb at the initiation of inflorescence. Two ESTs annotated with cytochrome P450 genes also could be annotated as flavanone 3¢ hydroxylase or flavanone 3¢ 5¢ hydroxylase. They catalyze dihydrokeampherol into dihydroquercetin or dihydromyricetin. Incorporated with UDP-glucose transferase, dihydroflavonol reductase was a downstream gene of the pathway and took part in the synthesis of anthocyanins. In total we found 61 subtractive ESTs annotated with genes involved in the metabolism of saccharides, including mannose, glucose, fructose, galactose, sucrose, starch, pectin, and cellulose (Table 3) . Based on this information, we can draw a draft of carbohydrate pathways to explain what happened in pseudobulb at the initiation of inflorescence development (data not shown).
Ninety one ESTs were thought to have probable relationships with transportation (Table 4) . Most of the proteins the genes encoded were localized in the kinds of membranes or on cell matrixes that help material transportation. Sodium/dicarboxylate cotransporter and GDSLmotif lipase/hydrolase were most abundant. Sodium/dicarboxylate cotransporter was a single copy gene in Arabidopsis and localized on vacuole membrane to transfer malate into vacuole (Emmerlich et al. 2003) . GDSL-motif lipase/ hydrolase was lipolytic enzyme, maybe related to a secretion mechanism (Wilhelm et al. 1999) . ADP-ribosylation factor plays a critical role in intracellular trafficking and maintenance of endoplasmic reticulum morphology in Arabidopsis (Lee et al. 2002) . c-adaptin is involved in Golgi-endosome traffic, including the recruitment of accessory proteins, c-synergin and Rabaptin-5 (Nogi et al. 2002) . Golgi-localized protein (GRIP) could maintain normal Golgi morphology and function (Ungar et al. 2002) . C2 domain-containing protein occurs in a large variety of membrane trafficking and signal transduction protein. Many of their biological roles have not been identified (Ochoa et al. 2002) . Including transporters in membranes, others interacting with cell scaffolds were also expressed, such as dynamin-like protein, F-actin capping protein, kinesin, and villin. We identified 186 ESTs as possible stress-related genes (Table 5) . Amazingly, 131 ESTs were peroxidase genes. In Arabidopsis, they are a large gene family composed of 78 members with different expression profiles in different organs (Tognolli et al. 2002) . Based on EST alignment, expressed peroxidase genes in pseudobulb belong to a large family too. The others were genes induced by different biotic and abiotic stresses, Arabidopsis thaliana 30685085 1.00E)22 1 including wounding, drought, and pathogens. Among them, AP2 domain transcription factor could be induced by cold, dehydration, and ABA stress, and was involved in regulation of lowtemperature responsive genes in barley (Xue 2003) . Twenty three ESTs were found to have functions in the cell cycle (Table 6) . That is to say, the cells in pseudobulb kept an active growing state and differentiating actively in this stage. DP-E2F-related protein 1 and homeobox genes were most abundant among this group. The E2F/DP protein family controls cell cycle progression by acting predominantly as an activator or repressor of transcription. Arabidopsis had more than 180 potential E2F target genes with various functions: cell cycle, transcription, stress and defense, or signaling (Ramirez-Parra et al. 2003) . Homeobox 20 had a common motif and took part in xylem cell differentiation (Hertzberg & Olsson 1998) . Homeobox-leucine zipper protein ATHB-13 was a transcription factor. It could specify the cell fate and body plan in early embryogenesis.
Fifty nine ESTs were annotated with known or putative regulatory functions (Table 7) . It seemed that the regulation of the genes involved in the active material and energy metabolism in the pseudobulb was very complex.
Thus far, a large-scale analysis of gene expression related to physiological status of the Oncidium pseudobulb, particularly during the early floral stage, has not yet been reported. Therefore, the expressed gene catalogue presented here will provide the basal information to investigate the molecular genetics basis of the Oncidium pseudobulb's early flowering stage by transcriptome profiling. In this small-scale subtractive EST, a conclusive picture of the cellular processes of stress-response (Table 5) , carbohydrate metabolism (Table 3) , and transportation (Table 4) was obtained. Also, the RNA gel-blot expression data showed some evidence that this EST-set is indeed enriched with such genes (Figure 3) , indicating the high efficiency of the cDNA subtraction strategy.
In summary, the subtractive EST approach is an efficient tool to overview gene expression profiles in the metabolically active tissue of the Oncidium pseudobulb. The EST data provides us with insight into a wide range of genes. These genes represent the physiological status in the pseudobulb during early inflorescence development. The abundant genes, e.g. peroxidase and sodium/dicarboxylate cotransporter, shown in the profile revealed some especially unexpected facts. These will make it possible to exploit floweringrelated mechanisms for the benefit of mankind.
